ario Juric, and Christopher Stubbs
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% Introduction and Notation m

The number of detected counts Crqy 5, from an astronomical source with flux F,, in
band b is

Craw,b X / Fl/ (A)SGW(A)SZ}G()\) d)\/)\
0

where "detected" means photons which are measured as part of the object, as
opposed to those spread out over the focal plane by scattering and ghosting.

We are interested in S™™ and Szys, the probabilities of a photon passing through the
atmosphere and through the telescope/camera and being detected.

We need to find -
Cstdp = / Fu Sstap A/ A
0

given Crqy.p (Where Sqqp is some average S“""SZYS).
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We must:

- Estimate the instrumental sensitivity S°(\)

Estimate the atmospheric transmissivity S (\)

Flat-field the data

Estimate the object's SED

Estimate the background level and Craw p
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&% Input Datasets I[SST

-- Broad-band flats

-- "Monochromatic” (c. Inm bandwidth) flats, calibrated with NIST photodiodes
observing the calibration screen.

-- Dithered star fields
-- A collimated "monochromatic" projector

-- Atmospheric Stuff (a 1.2m telescope with R ~ 300 --- 400 spectrophotometry;
two units to measure water vapour; a commercial all-sky monitor using GPS
satellites and a bore-sight mounted radiometer to measure the profile)
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Let Z(\, x) be the illumination of the focal plane due to the illuminated flatfield
screen in the absence of telescope and filter effects and Fp, (A, i) the flatfield image.
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&' The instrumental sensitivity S° (X, x)

Let Z(A, x) be the illumination of the focal plane due to the illuminated flatfield
screen in the absence of telescope and filter effects and Fp, (A, i) the flatfield image.

Fo(A i) #Z(N) S
Unfortunately, F} also includes scattered light and ghosting:
Fo(A 1) = 1(N) (1 4+ i(N i) + Ap( A, 0)) Sp(N, 1)

where Z = Ty + i(\, i) is the result of non-illumination of the screen, and A, (A, i)
is the effect of scattered light.




DATA MANAGEMENT

&% The instrumental sensitivity S, (), X) ISST

Let Z(A, x) be the illumination of the focal plane due to the illuminated flatfield
screen in the absence of telescope and filter effects and Fp, (A, i) the flatfield image.

Fo(A i) #Z(N) S
Unfortunately, F} also includes scattered light and ghosting:
Fo(A 1) = 1(N) (1 4+ i(N i) + Ap( A, 0)) Sp(N, 1)

where Z = Ty + i(\, i) is the result of non-illumination of the screen, and A, (A, i)
is the effect of scattered light.

N.b. We wrote Sp, not Szys because there are multiplicative effects other than
quantum efficiency that enter into F}, (e.g. pixel size variations).
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Structures seen in S, can come from either QE variations in the system and
vignetting, or changes in the effective size of the pixels:

Sp(A, i) = S (i) x SN 0) x S"(A, i) x ST(A, i) x SE™(A, i)
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Structures seen in S, can come from either QE variations in the system and
vignetting, or changes in the effective size of the pixels:

Sp(A, i) = S (i) x SN 0) x S"(A, i) x ST(A, i) x SE™(A, i)

We may further split the "geom’ part into optical distortion and CCD effects such as
““tree-rings" or mask step errors:

Ss(N i) = SI (i) x SN 0) x SE(N,B) x ST(N, i) x SPE(N, i) x SN, i)

The last three terms are only a weak (or very weak) function of wavelength; they can
vary due to chromatic optical distortions and e.g. variations in the importance of
detector effects with conversion depth.
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Structures seen in S, can come from either QE variations in the system and
vignetting, or changes in the effective size of the pixels:

Sp(A, i) = S (i) x SN 0) x S"(A, i) x ST(A, i) x SE™(A, i)

We may further split the "geom’ part into optical distortion and CCD effects such as
““tree-rings" or mask step errors:

Ss(N i) = SI (i) x SN 0) x SE(N,B) x ST(N, i) x SPE(N, i) x SN, i)

The last three terms are only a weak (or very weak) function of wavelength; they can
vary due to chromatic optical distortions and e.g. variations in the importance of
detector effects with conversion depth.

For measures of surface brightness QE/vignetting and geometrical effects are
equivalent, but for measurements of objects' fluxes we must be careful to separate
them; treating larger pixels as more sensitive can give incorrect results.
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-- Assume that the dome flat gives the pixel-to-pixel variability

-- Use dithered star fields to correct the dome flat for scattered light
masquerading as sensitivity variation
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R, Star Flats m

The classic solution is to:

-- Assume that the dome flat gives the pixel-to-pixel variability

-- Use dithered star fields to correct the dome flat for scattered light

masquerading as sensitivity variation

LSST is interested in the effects of the object's SED on their photometry, so we'd
need to repeat this analysis including the stars' colours. It isn't clear that there's
enough diversity to enable us to solve for the strongly-chromatic structure of the
ghosting.
We plan to use star flats as a cross-check, not a primary measurement.
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u The Collimated Projector m—

LSST will have a monochromatic projector with an image mask.

With a 10cm diameter projector the beam has a divergence of c. | arcsec, which is
then imaged into a | arcsec spot by the LSST optics. When used for its primary
photometric purpose we expect to generate c. 50-pixel spots.

For a 30cm aperture projector the area illuminated on the primary is c. 0.2%; the
beam diameter is c¢. 20% of the annular radius of M.

By using an image mask we can generate many spots (e.g. 4 per CCD), illuminating a
patch with diameter c. 60cm.

The projector will also generate a series of ghosts, but only a small portion of the
pupil is illuminated.
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&Using the Collimated Projector m

We need to allow for only illuminating a portion of the pupil. If we label the spots by
£, a single spot's flux is

Pﬁ(A’X’,’ x) — aé,()\) (1 4 i()\))Sglt()\)Stel,qe,vig,optics,ccd()\)
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% Using the Collimated Projector m

We need to allow for only illuminating a portion of the pupil. If we label the spots by
£, a single spot's flux is

PEOA 6, X) = a'I(0) (1 + (V) S () Sehaepepson ()

so after scanning the projector over the pupil, we have

Pﬁ(x,-) — | Sae-optics,ccd (1+1) Sglt Stelvig gy
pupil

At this point we know the relative spectral response at a set of points in the focal
plane.

If we now move these spots around the LSST focal plane, taking data at only a single
position in the pupil and wavelength, we may solve for the spots' relative amplitudes.
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Once we know the a’'s, we scale all the spot intensities to a common scale,

Pg(x’,) — Isqe,optics,ccd (1 + i)sgltstel,vig dx
pupil

and

]:b()\’xi) — Pﬁ(xi) + Isqe,optics,ccd AbSEItSte”Wg dx
pupil
If the first term varies only slowly over a chip, then rastering the spots to illuminate
e.g. 9 positions on each chip allows us to evaluate P.(i), ie. at every pixel.
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to use P and F (i.e. and A) to generate a flatfield uncontaminated by scattered light
and ghosting.
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; & Using the Collimated Projector ISST

Once we know the a’'s, we scale all the spot intensities to a common scale,

Pﬁ(x,-) = [Sqe,optics,ccd/ (1 + i)sgltstel,vig dx
pupil

and

fb()\;xi) — Pﬁ(xi) + Isqe,optics,ccd AbSEItSte”Wg dx

pupil

If the first term varies only slowly over a chip, then rastering the spots to illuminate
e.g. 9 positions on each chip allows us to evaluate P.(i), i.e. at every pixel. We hope
to use P and F (i.e. and A) to generate a flatfield uncontaminated by scattered light
and ghosting.
For many cameras the spatial structure of A has sharp features. Furthermore, the
operations described above are expensive, and we have to repeat for every |nm step
in wavelength. If we know the filter bandpasses S,fh(i) at every point in the focal
plane we may use a slightly different approach.
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If we take both domeflat and collimated projector data without a filter in the beam
we may repeat the above analysis without the SE’I.
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3, Using White-Light Spots I[SST

If we take both domeflat and collimated projector data without a filter in the beam
we may repeat the above analysis without the Sgh.
This has two advantages

-- there are no strongly chromatic elements so we can use larger steps in
wavelength

-- the A image should be much weaker

It's now plausible that we can estimate S9e-°Ptics.ccd;telvig () ) (not just S(, x;))

We know Sgh(/\, i) both from lab measurements and by scanning the
monochrometer in wavelength.

With both Sde.cptics.ccd.tel.vig () ) and th()\, i) in hand, we have measured our desired
sensitivity.

There's only one remaining contaminant: the non-uniform illumination resulting from
an imperfect flatfield screen, i.

Pinhole camera images don't directly measure i as the angular distribution isn't
correct. If we knew the BDRF we could correct for this ... but probably it's better
to use star flats to make an empirical correction.




We have worked hard to avoid contaminating our S estimates with ghosts and
scattered light.




2 A .

We have worked hard to avoid contaminating our S estimates with ghosts and
scattered light. However, in addition to Pf;()\) we can probably measure the ghosts,
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We have worked hard to avoid contaminating our S estimates with ghosts and
scattered light. However, in addition to Pf()\) we can probably measure the ghosts,
Gf()\).

By interpolating and then summing over the focal plane we have an estimate of Ay; it
will be interesting to see how well this works.
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R Flatfields ISST

The response of the instrument to uniform illumination is
(1 + Ab) Sglt Stel S9e goptics Sccd

Before we can create a flatfield image for band b we need to:
-- Decide what to do about A,(\, i)
-- Decide what to do about S%P%S(\, i)
-- Decide what to do about S«I(\, i)
-- Choose an SED

It might seem obvious that the flatfield should exclude A and correct for St S,
resulting in a map of the detector's true QE. However, this is probably not a good
idea as

-- it leads to a complex background image

-- it does not remove the need for sufficiently scrupulous algorithms to require
access to the per-pixel geometrical information.
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4 % A Proposed Strategy I[SST

We therefore propose that the flatfields be calculated as follows:

-- Use the sky's SED modified by Sf’t. We could use different sky models for
different phases of the moon (or solar cycle), or measure the sky emission
directly (possibly using the calibration telescope).

-- Do not correct for A, (resulting in an incorrect estimate of the sensitivity).
-- Correct for St/S%

-- Correct for Soptics

-- Do not correct for Scd

This is the flatfield that best flattens the sky once warped onto a tangent plane, at
the cost of photometric errors.
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The object’'s SED ISST

Let us remember that we don't actually need to know the SED; we need merely to
know enough about it to allow us to make sufficiently accurate corrections from
Craw,b to Cstd,b-




&The object's SED ISTST

We don't know our objects' SEDs, but we do know their multi-band fluxes {Cp} and
other parameters 6 (e.g. morphological information). There is a probability
distribution p(SED|{Cs}, #) which may be compact, essentially reducing to a single
reasonably well-defined SED, or may reflect the intrinsic range of SEDs of objects
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We don't know our objects' SEDs, but we do know their multi-band fluxes {Cp} and
other parameters 6 (e.g. morphological information). There is a probability
distribution p(SED|{Cs}, #) which may be compact, essentially reducing to a single
reasonably well-defined SED, or may reflect the intrinsic range of SEDs of objects
with those properties.

If we restrict our attention to stars the colours probably determine the SED
reasonably well. Studies of galaxies photometric redshifts tell us that their SED is
often, but not always, reasonably well defined by the colours; QSOs show significant
degeneracies, mostly at redshifts below c. 2.5.

There is nothing we can do about this degeneracy, which means that we cannot hope
to correctly estimate Cffd for a subset of objects which we detect.




2

B, The object's SED 55

We don't know our objects' SEDs, but we do know their multi-band fluxes {Cp} and
other parameters 6 (e.g. morphological information). There is a probability
distribution p(SED|{Cs}, #) which may be compact, essentially reducing to a single
reasonably well-defined SED, or may reflect the intrinsic range of SEDs of objects
with those properties.

If we restrict our attention to stars the colours probably determine the SED
reasonably well. Studies of galaxies photometric redshifts tell us that their SED is
often, but not always, reasonably well defined by the colours; QSOs show significant
degeneracies, mostly at redshifts below c. 2.5.

There is nothing we can do about this degeneracy, which means that we cannot hope
to correctly estimate Cffd for a subset of objects which we detect. We shall define a
deterministic mapping from colour to SED({Cs }, ) which will allow a consumer of
the data to make their own correction.
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& Measuring the background level ISST

We plan to background match exposures before sky subtraction, generating a
stacked image in a sky projection. This results in two data products:

-- The background image in the stacked image B,

-- The differences B' between this background image and the input images.
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stacked image in a sky projection. This results in two data products:
-- The background image in the stacked image B,

-- The differences B' between this background image and the input images.

Because we measure B in sky coordinates the geometrical distortion terms S°Ptcs
in the flat field illumination are automatically removed, and when we warp B’ back to
the corresponding calibrated raw frame and subtract it we arrive at an image with
SePtics fylly accounted for.
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‘ Measuring the background level ISST

We plan to background match exposures before sky subtraction, generating a
stacked image in a sky projection. This results in two data products:

-- The background image in the stacked image B,

-- The differences B' between this background image and the input images.

Because we measure B in sky coordinates the geometrical distortion terms S°Ptcs
in the flat field illumination are automatically removed, and when we warp B’ back to
the corresponding calibrated raw frame and subtract it we arrive at an image with
SePtics fylly accounted for.

If we had included S in the flatfield we would have handled the background
correctly if we also included it in the warps to and from sky coordinates, but we
would not be able to forget about it as it continues to have effects on the astrometry
and photometry.
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built our flat fields
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complicates the sky subtraction.




&Background Subtracted Images D‘W

Having removed the background we can reconsider the choices we took when we
built our flat fields

-- We no longer have any motivation to use the sky's SED, but do not know what
to use instead.

-- We should now correct the sensitivity for the effect of A as it no longer
complicates the sky subtraction.

-- We could decide to now correct for S,
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The signal that we measure after (incorrectly) flat fielding with a flat constructed
using the sky's SED is

filt tel Gq9e
b.j,obj"j,0bj"j,obj
. atm +J50D] "~ J;0D] "~ J,00] ' ced pg L= . .
li=a / S S gl g MPy(A) dX + 6 = aw; + €
b b.j,sky™j,sky™j,sky

where [; is the intensity of the j' pixel and ¢; the noise.
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&Measuring cd ISST

The signal that we measure after (incorrectly) flat fielding with a flat constructed
using the sky's SED is
fit Sl g9
I] — a\/bvsatm b.j,0bj"j,0bj " j,0bj ‘SjCCdePb()\) d\ + 6 = aw; + 6

obj it tel Qde
b.j,sky™j,sky™j,sky

where [; is the intensity of the j' pixel and ¢; the noise.
The maximum likelihood estimate for the amplitude a is

Zj Wj’]/"j2
2 2
2% /9]

and the total number of DN Cis C = a3, ;.
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The signal that we measure after (incorrectly) flat fielding with a flat constructed
using the sky's SED is
fit Sl g9
I] — a/satm b.j,0bj"j,0bj " j,0bj SCCdMJPb()\) d\ + 6 = aw; + 6
b

obj it tel ge
b.j,sky™j,sky™j,sky

where [; is the intensity of the j' pixel and ¢; the noise.
The maximum likelihood estimate for the amplitude a is

Zj Wj’]/"j2
- 2 2
2% /9]

and the total number of DN Cis C = a >, w;. As usual I'll set 01.2 =1
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&Measuring cd I[SST

We know our object's ({Cp}, 8), so we know which SED we should adopt.
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We know our object's ({Cp}, 8), so we know which SED we should adopt. Let's
assume that the ratios Sg’;bj/sghsky Ség/Ss‘E; and Sg;/Sf,fy are constant for all the
pixels in the object.
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We know our object's ({Cp}, 8), so we know which SED we should adopt. Let's
assume that the ratios SS'ij/Sghsky Sgg/SS‘E; and Sg;/Sf,fy are constant for all the
pixels in the object. Then

ill
1 Sh Sk S (Semy);

a =
atm  ofilt qe ccd p.) 2
Sobj Sb,objSobj ZI(SJ Mf)

C ZGZSJ‘CCde
j

20



DATA MANAGEMENT

Measuring C: ISST

We know our object's ({Cp}, 8), so we know which SED we should adopt. Let's
; filt filt tel / Gtel qe ; g9e
assume that the ratios Sy /Sy Sgpi/Sqp, and Sy /S|, are constant for all the
pixels in the object. Then
filt ~ cqe ccd
a—= 1 Sb,skySsky Z}(Sj M])I]
T catm ofit  oge ccd A1) 2
Sobj Sb,objSobj Zj (SJ Mf)
— ccd pg.
C=a E SM;
i
and, correcting to a standard atmosphere, and writing w = Sj“dM,-
atm filt qe
C Sobj,std Sb,skySsky Z] Wf’j Ej v
std —
atm filt qe 2
Sobj Sb,objSobj zj(Wf)
gatm filt qe
__ obj,std ~"b,sky™ sky

~ ¢atm filt qe
Sobj Sb,objSobj

raw

=CsepCraw
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&Multiple Exposures D‘W

If we have n exposures this generalises to

n
Ca = E :CIE;EDC:GW
r=1

21
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If we have n exposures this generalises to

n
T
Cod = § :CgEDCraw
r=1

The per-visit superscript r on in ¢, allows for spatial variation in the filter properties
(Sf™) and differences between CCDs (S%).
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DATA MANAGEMENT

If we have n exposures this generalises to

n
T
Cod = E :CgEDCraw
r=1

The per-visit superscript r on in ¢, allows for spatial variation in the filter properties
(Sf™) and differences between CCDs (S%).

Note that the SED doesn't enter into the pixel-dependent part, C7,,, making it
relatively simple to adopt a different SED and recalculate Cyq if we know the cf, .
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Multiple Exposures I[SST

If we have n exposures this generalises to

n

Ca = Z csr;ED Ciaw

r=1

The per-visit superscript r on in ¢, allows for spatial variation in the filter properties
(Sf™) and differences between CCDs (S%).

Note that the SED doesn't enter into the pixel-dependent part, C7,,, making it
relatively simple to adopt a different SED and recalculate Cyq if we know the cf, .
This relies depends on our assumption about the constancy of S /St and S¥; /S%

obj/ ~sky obj/ ~sky
over the object.
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&Colour Gradients D‘W

Because we using a model-based approach to handle SED dependencies we can easily
handle more complicated problems; for example, if we are using a bulge/disk
decomposition we are estimating the colours of each component, and can handle
their SEDs separately when fitting our model.
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DATA MANAGEMENT

The End
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Stellar Photometry I[SST

Change in observed magnitude: X=1.0 to 2.1
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The change in observed magnitudes due to changes in airmass from X = 1.0 to
X = 2.1, for a typical atmospheric transmission response curve.
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3, Using Sets of Stars I[SST

We will have many-colour photometry (ugrizy) of many, many stars in each visit. We
know from simulations of Kurucz models that as the properties of the atmosphere
are varied there are several percent level changes in fluxes, with percent-level scatter
at a given g — i colour. It is not yet clear how much of this scatter can be regressed
out using all five available colours.

Even if the scatter can be removed to SRD precision it is not clear how well we will
be able to characterize $™™ across the filter b.
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&Spatial Structure of the Atmosphere [SST

Even if the photometry is unable to constrain $*™ well enough to satisfy the SRD
requirements, it seems very likely that we will be able to say something interesting.
Once we have implemented an initial version of the photometric analysis we will be
able to analyse wide-field camera data to explore the structure functions.
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